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ABSTRACT

stress of the internal suspension springs
during stop operation. This study was
carried out from the viewpoint of the
balance of energy, but was not so far
reaching as to clarify the generation
mechanism of the transient stress of the
suspension springs.

This paper presents the theoretical and
experimental investigations on the transient stress of the suspension spring in a
reciprocating hermetic refrigeration
compressor. The torques acting to the
compressor body of a multi-cylinder compressor and the transient vibration of the
compressor body are analyzed over a wide
range of start and stop operations. The
dynamic stresses of the suspension springs
are numerically calculated in connection
with the transient motion of the compressor
body. At the same time, the dynamic stress
measurements are carried out on three suspension springs of a five-cylinder compressor under several operating conditions. As
a result, it is confirmed that the theoretical results are generally in good agreement with·the experimental results. The
transient vibration of the compressor body
during start and stop operations are
revealed. The effects of the operating
conditions and the frequency of power
source on the dynamic stress of the suspension spring are also clarified.

In this study, an approximate analysis is
made on the transient motion produced in
the compressor body of a multi-cylinder
hermetic refrigeration compressor during
start and stop operations. The accompanying transient stress of the internal suspension springs is also analyzed. Stress
measurements are carried out on a fivecylinder hermetic refrigeration compressor.
Comparing the theoretical results with the
experimental results, the generation mechanism of the transient stress produced in
the internal suspension springs are
discussed.
THEORY
Assumptions
Fig. 1 shows an idealized cylinder pressure
-crank angle diagram used in this analysis.
The following assumptions were made in
order to analyze the transient stress
generated in the internal suspension
springs.

INTRODUCTION
A reciprocating hermetic refrigeration
compressor has a construction such that a
compressor body is supported in a hermetic
shell by several internal suspension
springs with the aim to reduce the running
speed torques and forces transmitted to the
shell. The start and stop operations of
the compressor, however, accompany a very
abrupt torque change, thus leading to the
transient vibration with the large magnitude in the compressor body. As the compressors are provided with higher performances, this transient vibration tends to
increase. This situation motivates this
study to clarify the generation mechanism
and behavior of the transient stress of the
internal suspension spring involved thereby.

(i)

During the compression stroke indicated by AB, the refrigerant inside
the cylinder makes the adiabatic
change which is expressed by;
pvk

(ii)

Tanaka(l) has reported on the transient
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const.

(1)

During the discharge stroke indicated by BC, the cylinder pressure is
equal to the discharge pressure and
is maintained constant during this
stroke.

Discharge
strpk~

E

0.57C

0

1.57(

(iii)

(iv)

(v)

piston~crank

27L
schema tic diagram of tQe piston- crank
mechani sm used in the de~ivation of equations. During the compre~sion stroke, the
cylinde r pressur e at a crank angle 8i is
express ed by(2), (3)

Crank Of)gle Cradl
Relatio nship between cylinde r
pressur e and crank angle.

Fig.l

Schema tic diagram of
mechani sm.

Fig.2

Expansion and
suction str~s

During the expansi on and suction
strokes indicat ed by DE, the torque
generat ed by the refrige rant is
ignored because it is relativ ely
small(3 ). The cylinde r pressur e,
therefo re, is regarde d as equal to
the suction pressur e during these
strokes .

2

pl (
1 +C+

+ c

)

k

where p ~ r/1, C = cjr. Conside ring the
pressur e at the piston rear face is equal
to the suction pressur e, the force Fgi
charged on the i-th piston gas pressur e
during the compre ssion stroke is express ed
by

The time to get the nprmal rotatin g
speed of the crank shaft after motor
start is very short. The suction
and dischar ge pressur es, therefo re,
are regarde d as constan t during
start operati on.

Fgi

pl { (

A

P
-

The moment of inertia of the crank
pin and crank arm are small in
compari son with these of the piston
and connec ting rod. Accord ingly,
they are neglect ed in this analysi s.

2 +

c

l+C+-~+cosei-~os2ei

1}

)

k

( 3)

During the dischar ge stroke, the dischar ge
and suction pressur es act to both sides of
the piston. The force Fgi 1 therefo re, is
express ed by

Forces Acting to Piston
Force by G-as Pressur e.

(2)

%- + cosei- %-cos2ei

(4)

Fig. 2 shows a

NOMENCLATURE
Ap
c
d

k
K

1
L

n

length of crank arm, mm
coil radius, mm
torque for crank shaft and
compre ssor body, N·mm
specifi c volume of gas in
cylinde r at any time, mm3
viscous damping coeffic ient,
N·mrn·S
revolut ion angle of crank shaft,
rad
angular displac ement of motion
of compre ssor body, rad

r

piston area, mm2
top clearan ce, mm
bar diamete r of spring, mm
moment of inertia of rotatin g
portion and compre ssor body,
N·mm2
ratio of specifi c heats to gas

R

v
~

torsion al stiffne ss, N-mm/ra d
length of connect ing rod, mm
distanc e between th.e crank shaft
and spring center line, mm
number of active coils in the
spring
suction pressur e, dischar ge
pressur e, and cylinJe r pressur e,
Pa
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8

t

w
T

=

angular speed of crank shaft,
rad/s
shear stress of suspens ion
springs , Njmm2

During the suction stroke, the assumption
provides that the same pressure acts to
both sides of the piston. The force Fgi,
therefore, becomes
Fgi

0

2

X

(1
p
.
p
~-~-cos8J..+~ cos2ei)]
p
4
4

( 9)

Torque by Crank Shaft Motion. The forces
acting to the crank pin are the component
force Fgi" of the gas pressure force Fgi,
the component force Fpi" of the inertia
force Fpi of the piston, and the connecting
rod force Fci. The total torque for the
crank shaft of the m-cylinder compressor,
therefore, is expressed by

Wp rw 2 (cosei- cos28i)
g

(6)
m

I

where Wp and g are the piston weight and
gravitational acceleration, respectively.

r{ (Fgi + Fpi) (sinei- ~ sin2ei)

i=l
+ Fci cosei}

Force by Connecting Rod Motion. The motion
of a connecting rod is considered as the
composition of the line and rotating
motions centering around the piston.
Accordingly, the modified couple induced by
this motion produces the force Fci shown iti
Fig. 2 at both ends of the i-th connecting
rod.
This force Fci is expressed by
Fci

+ Fci}

(1 +

(5)

Inertia Force of Piston. The reciprocating
movement of the i th piston produces such
an inertia force Fpi as shown in Fig. 2.
This inertia force Fpi is expressed by(4)
Fpi

T sin 2 ei)

X

(10)

Starting Torque of Motor. In the hermetic
refrigeration compressor, two-pole motor
drives the compressor directly. When the
power source is supplied to the motor, the
starting torque of motor acts to the cornpressor body as the reactional torque. The
starting torgue of the motor is generally
expressed by(S)

. 2 e~.
-Wc{h(l - h) - a 2} . r. (w)2
r . s ~n
2g
(7)

Tm

where We, a and h are the weight of connecting rod, the radius of gyration around
the mass center of the connecting rod, and
the distance between the mass center of the
connecting rod and the crank pin, respectively.

(ll)

where P = number of pole; V = voltage of
power source; f = frequency of power
source; r 0 and r1 = primary resistance of
coil and secondary resistance in terms of
primary resistance, respectively, x and X2
= primary leakage reactance of coil 1 and
secondary reactance in terms of primary
leakage reactance, respectively, and s is
slip of motor which is given by

Torque Acting to Compressor Body and
Crank Shaft
Torque Acting to Compressor Body. As shown
in Fig. 2, the forces acting to the i-th
cylinder are the component force Fgi' of
the gas pressure force Fgi, the component
force Fpi' of the inertia force Fgi of the
piston, and the connecting rod force Fci.
These forces produce the torque Tsi acting
to the compressor body around the compressor center line, which is expressed by

PN
s - 1 - 120f

(12)

where N is rotating speed of rotor.
Rotating Speed of Crank Shaft

Tsi

(Fgi' +Fpi' +Fci) ·xi

( 8)

As can be seen in Eqs. (9) ~ (11), the
torques acting to the compressor body and
crank shaft during start and stop operations are expressed as a function of the
crank angle.
In order to obtain the crank
angle at the arbitrary time during start
and stop operations, the rotating speed of
the crank shaft should be analyzed.

Expressing Fgi', Fpi' and xi with ei and
then summarizing all the torques produced
in them-cylinder, the total torque Ts
acting to the m-cylinder compressor body is
expressed by
m

Ts

L

The assumptions are made in this analysis
that the angular speed of the crank shaft
is w0 before the power source of the motor
is turned on or off, and that is w at the

[r{ (Fgi+Fpi) psinei

i=l
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arbitr ary time t after motor start or shut
off. The other assump tions are also made
that during this period , the work made by
the startin g torque Tm of the motor is
almost consum ed for the increa se of the
kineti c energy at the moving sectio n of the
compre ssor, and for the compre ssion action
of the refrig erant. That is, there is no
viscou s dissip ation during this period
becaus e the time to get the normal rotatin g
speed or stand still of the crank shaft
after motor start or shut off is very short.
These assump tions lead to the follow ing
equati on establ ished in regard to the angular speed of the crank shaft at the arbitrary time t.

1R

-

2g

(w

2
0

2

t

- w )

f

(13)

(TR- Tm)dt

0

Transi ent Motion of Compr essor Body
Fig. 3 shows a cross sectio nal view of
the hermet ic refrig eratio n compre ssor to be
tested . The compre ssor body is suppor ted
to the axial direct ion by the upper and
lower spring s at the center portio n, and to
the circum ferent ial direct ion by three
spring s at the outer periph eral portio n.
During the start and stop operat ions of the
compre ssor, both the torque s Ts and Tm act
to the circum ferent ial direct ion of the
compre ssor body. These torque s induce to
the compre ssor body the torsio nal vibrat ion
center ing around the crank shaft which
passes throug h its mass center .

same time, the torque Ts caused by the compressi on action of the refrig erant acts to
the compre ssor body to the transv erse
direct ion to the rotatin g direct ion of the
crank shaft. These torque s will be generated on the compre ssor body as corresp ond
to the differe nce betwee n two torque s.
When the crank shaft reache s the normal
revolu tion, the above two torque s come to
the equilib rium condit ion, thus leadin g to
no torque appare ntly acting to the compre ssor body.
When the power source is turned off under
the normal operat ing condit ions of the
crank shaft, the equilib rium condit ion
betwee n the above torque s is collap sed
abrupt ly. The torque Ts mainly result ing
from the compre ssion action of the refrig erant acts to the compre ssor body in a step
manner . This phenom enon is mainta ined
until the rotatin g speed of the crank shaft
become s zero. The follow ing equati ons,
theref ore, are obtain ed on the torsio nal
vibrat ion of the compre ssor body.
(i)

(ii)

>

ts

where ts is the time to get the normal
rotatin g speed or stand still of the crank
shaft after motor start or shut off,
respec tively .
The transi ent vibrat ion caused on the compresso r body during start and stop operations can be obtain ed by solvin g Eqs. (14)
and (15) which contai n the non-li near
extern al forces •rs and Tm.
Transi ent Stress of Intern al Suspen sion
Spring
Using the angula r displac ement ¢ of the
compre ssor body caused by the transi ent
vibrat ion, the shear stress on the outsid e
surfac e of the coil of the intern al suspen sion spring is given by(6)

Internal
I

t

bGdy

( BR

+

d

SR- 4d

·Rotor

0.615d ) dGL ¢
4TinR 2
2R

{16)

where G and L are the modulu s of elasti city
in torsio n and the distan ce betwee n the
crank shaft and the spring center line,
respec tively .

·-Crank shaft

Fig.3

(14)

(15)

When the power source is turned on, the
startin g torque Tm of the motor acts ·to the
compre ssor body in a step manner . At the

I
I

< ts

Tm - Ts

The system in which the transi ent motion
will occur consis ts of the compre ssor body,
the motor, and the circum ferent ial spring s.
The mathem atical model with one degree of
freedom system , theref ore, can be helpfu l
to analyz e the transi ent motion produc ed in
the compre ssor body.

/Motor

0 :s_ t

Cross 'sectio nal view of tested
refrig eratio n compre ssor.
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NUMERICAL CALCULATION

speed of the compress or body at the
time ts, Eq. (15) is solved by the
4th Lunge-K utta method.

As Eqs. (13) and (14) involve the nonlinear torques Tm and Ts which depend on
the crank angle ei, no analytic al solution
can be obtained . The followin g numerica l
procedur e was used to get the solution of
Eqs. (13) ~ (15) in this study.

(vi)

Numerica l Procedur e for Starting Period
(i)

Under the initial conditio ns at t
0, the angular speed of the crank
shaft is w0 ~ 0, and the angular
displace ment and angular velocity of
the compress or body are~~~· ~ O,
respecti vely. The angle of the
first crank is regarded as 81 ~ 0.

(ii)

Simpson 's formula is applied to Eq.
(13) and the 4th Lunge-K utta method
is applied to Eq. (14). Both equations are simultan eously arranged to
get w and ~.

(iii)

The time step in this calculat ion is
selected with t = 0.001 s, and it is
further divided into 10 sub-sect ions
for the numerica l integrat ion.

(iv)

The time ts when the change of the
angular speed of the crank shaft is
less than 0.1 rad/s is defined as
the start-up time of the compress or.

(v)

Expressi ng the initial conditio ns
with the angular displacem ent and
angular speed of the compress or body
at the time ts, Eq. (15) is solved
by the 4th Lunge-K utta method.

(vi)

Substitu ting the anqular displace ment ~ of the compress or body into
Eq. (16) at each time, the dynamic
stress produced in the internal suspension spring is obtained .

Under the initial conditio ns at t
0, the assumpti ons are made that w
= 120 rad/s, ~ = t' = 0, and 81 = 00.

(ii)

Simpson 's formula is applied to Eq.
(13) and the 4th Lunge-K utta method
is applied to Eq. (14) under Tm = 0.
Both equation s are simultan eously
arranged to get w and ~.

(iii)
(iv)

(v)

EXPERIMENTAL PROCEDURE AND RESULTS
Hermetic Refriger ation Compress or used
for Experime nt
Figs. 4 and 5 show a block diagram of the
experime ntal arrangem ent and a view of the
experime ntal equipmen t, respecti vely.
Table 1 gives the specific ations for the
hermetic refriger ation compress or which was
used for this experime nt. The compress or
used for the experime nt is provided with
five-cyl inders. The compress or body is
supporte d to the vertical directio n by the
upper and lower springs at the center portion and to the circumf erential directio n
by three springs at the peripher al portion.
The hermetic shell of the compress or is
divided into two sections and these are

Cooling woter .---~---1
valve

Expansion valw
Bypath valve

Fig.4

Numerica l Procedur e for Stopping Period
(i)

Substitu ting the angular displace ment of the compress or body into Eq.
(16), the transien t stress of the
internal suspensi on spring is
obtained .

Schemati c diagram of experime ntal
arrangem ent.

The time step for calculat ion is t
0.001 s.
The time ts when the angular speed
of the crank shaft becomes zero is
defined as the time to get no rotating speed of the crank shaft.
Expressi ng the initial condtion s
with the angular displace ment and

Fig.5
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View of experime ntal equipmen t.

-

Cylinder diameter (mml

42.9

(mm)

25.9

Stroke

5

Number of cylinder
Compressor

Moment of inertia of
compressor body ( N · cm 2 )

27800

Moment of inertia of
rotating portion (N -cm 2 )

931

Volume of cylinder km 3 /rev)
(W)
Rating
Rated voltage
Motor

(V)

Rated frequency (Hz)

----Table 2

Suction pressure Discharge pressure
p2
P1
(x 10 5 Pal
(xi0 5 Pol

7500
200
50/60

7.0

19.0

7.95

9.2

9.2

5.0

5.0

20.0

6.4

28.6

2.0

28.6

8ar diameter

(mm)

3.2

Coil radius

(mm)

Number of active coils in
spring
Distance between crank shaft
and spring center line (mm)

Test conditions

187.0

2

Pole number

Inter no I
suspension
spring

refrigerant in this test. The power source
voltage and frequency were 200 v and 60 Hz,
respectively . In this experiment, the
variations in the displacemen t amplitude of
the compressor body were also measured
under the damped free vibration. And the
damping coefficient was estimated from the
logarithmic decrement.

Specificatio ns for tested
compressor

Table l

Starting

120.6

Stopping

-

This construction
connected by the flange.
makes easy to take out the lead wires from
the strain gauges.

Experimenta l Results

Fig. 6 shows a view of the strain gauges
mounted on the internal suspension springs.
The one-element strain gauges were so
oriented on the outside surface of the
spring coil to detect a normal strain proportional to the shear strain. They were
bonded with an angle of 45 degrees to the
spring coil axis.

Fig. 7 shows a typical example of the
results obtained from the measurement of
the shear stress generated in the internal
suspension spring during start operation.
In this figure, the shear stresses were
derived by substituting the measured normal
strains into the following equation.

(17)
where G and E are the modulus of elasticity
in torsion and the measured normal strain,
respectively .

Fig.6

The signs from I to III shown in Fig. 7
represent the shear stress at the center
portion of the spring. The signs from IV
to VI indicate the shear stress at every
other pitch from the end portion. Fig. 8
shows a typical example of the measured
shear stress at two different internal suspension springs during stop operation. The
signs from I' to III' shown in Fig. 8
represent the shear stress at the center
portion of the spring. The signs from IV'
to VI' represent the shear stress at every
other pitch from the end portion. The
lines with the signs from IV' to VI' shown
in Fig. 8 are the data .for another spring
and are recorded with the reversed sign in
order to distinguish the data from that of
the former spring.

Arrangement for strain measurement
of internal suspension spring.

Experimenta l Procedure
The test conditions are given in Table 2.
By changing the valve settings for the
cooling water and the refrigerant charge in
the system, the test conditions of the compressor were adjusted to any required
operating condition. R 22 was used as the

When the power source is supplied to the
compressor, the stress variations shown in
Fig. 7 are caused in the internal suspen-
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These phenomena indicate that the internal
suspension springs are almost evenly
deformed to these axial direction s. The
stress variation s at the end portion of the
spring shown with the signs VI and VI',
however, are somewhat different from those
at the central portion. This may be caused
by the contact of the spring coil with the
spring supports at the end portions.
DISCUSSION
Torque Acting to Compresso r Body

Fig.7

Starting Torque Variation s of Motor. Fig.
9 shows the theoretic al result of the
starting torque-tim e curves when the test
compresso r is started under the power
source with a voltage of 200 V and a frequency of 60 Hz. When the power source is
supplied to the compresso r under a suction
pressure of 7.0 x 105 Pa, and a discharge
pressure of 19.0 x 105 Pa, the starting
torque is maximum at about 0.10 s. If
there is no pressure difference between the
suction and discharge pressures , the starting torque becomes maximum at about 0.06 s
because of the reduction in the compresso r
loading.

Stress fluctuatio ns of internal
suspension spring during start
operation .

100,---- ,-----,-- ---,----, -----.
V=200V
f =60Hz

E sor-----+-----~

z
Ql
::1

60

....r:T

2

0>

,.._ 0.1 s

_J

£?

(/)

5

P, =6.4xi0 Pa,

Fig.B

40

.!::

I

Stress fluctuatio ns of internal
suspension spring during stop
operation .

20
o~----~----~----~----~--~

0.025

Fig.9

sian springs. As the rotating speed of the
crank shaft reaches the normal revolu~ion,
the stress variation s are damped gradually ,
following to disappear .
If the power
source is turned off under this operating
condition , the stress variation s appear
again in the internal suspension spring.
When the rotation of crank shaft comes to
standstil l, this stress variation is damped
slowly until it disappear s.

0.05
Time

0.075

0.1

0.125

(s)

Variation s in starting torque
of induction motor.

Meanwhile , if the power source frequency is
changed from 60 Hz to 50 Hz under the same
power source voltage, the starting torque
is increased by about 1.6 times as large as
that in 60 Hz case. This leads to the
reduction in the start-up time, thus accompanying the maximum starting torque at 0.03
"-' 0.05 s.

As is clearly shown in Figs. 7 and 8, no
phase difference is found among the stress
variation s produced in the internal suspension spring during start and stop operations, even i f the stress measuring locations and the springs are not the same.

Torques by Pressure of Refrigera nt and
Inertia of Crank Hechanism . Fiq. 10 shows
the theoretic al result of the torque Ts
acting to the co!l1presso r body under a normal
rotating speed of 3600 rpm. As can be seen
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because the starting torque is consumed
only for the increase in the rotating speed
of the crank shaft.
On the other hand, if motor start is undertaken at the same voltage and a power
source frequenc y of 50 Hz, the starting
torque of the motor will increase to about
1.6 times as large as that in 60 Hz case.
This leads to the reductio n of the start-up
time, shortene d to 0.05 ~ 0.06 s .

Q)

:J
0'"
......

~

10

Crank
Fig.lO

Rotating Speed durin~ Stop Operatio n. Fig.
12 shows the theoret~cal result of the
angular speed of the crank shaft when the
power source is turned off suddenly under a
normal rotating speed of 3600 rpm. As can
be seen in Fig. 10, very complica ted torques act to the compress or body until the
rotating speed of the crank shaft reaches
standst ill. During this period, the angular speed of the crank shaft decrease s
almost constant ly with increasi ng the time
as shown in Fig. 12. Fig. 12 also indicates that the time to get the rotating
speed of zero is about 0.11 s under a suction pressure of 6.4 x 105 Pa, and a discharge pressure of 28.6 x 105 Pa. It is
about 0.19 s under a suction pressure of
2.0 x 105 Pa and a discharg e pressure of
28.6 x 105 Pa. The time required for stop
operatio n is almost in proporti on to the
average torque obtained from the torque
variatio ns shown in Fig. 10. If the compressor is under the normal rotating speed
at a power source frequenc y of 50 Hz, the
decreasi ng tendency in the rotating speed
of the crank shaft is quantita tively similar to that in 60 Hz case.

angle !radl

Torques acting to compress or body.

in Fig. 10, very complica ted torques act to
the compress or body. The torque acting to
the compress or body is ruled with that
caused by the compress ion action of the
refriger ant. This means that the torque
caused by the inertia of the crank mechanism could be ignored. The average value
of this torque variatio n tends to be large
when both suction and discharg e pressure s
are high. Even if the discharg e pressure
is high, the average torque is compara tively small under the low suction pressure .
Rotating Speed of Crank Shaft
Rotating Speed during Start Operatio n. Fig.
ll shows the theoreti cal result of the
angular speed of the crank shaft when the
compress or is started under the power
source with a voltage of 200 V and a frequency of 60 Hz. When motor start is
undertak en under a suction pressure of 7.0
x 105 Pa, and a discharg e pressure of 19.0
x 105 Pa, the rotating speed of the crank
shaft reaches the normal revoluti on at
about 0.12 s. Under no differen ce between
these pressure s, the start-up time of the
compress or is shortene d to about 0.08 s

v~zoov

f =60Hz

.....0

.<::
Ill

..><:
<:::

§

0

l

400
..><:
<:::
~
u

200~----~~~~~----~------+------4

100
0

~~~~~--r-~

fpl ~6.4xiO~Po

lPz=28.6x\O~Pc
0.05

300

0

.,_
"'[!l_'-"'
(/)~
... -

200

0

;=;0>.,_
c

Fig.l2

100

0.1
Time

0.25

!sl

Relation ship between angular speed
of crank shaft and time during
stop operatio n.

0

.:t-5i

0

Fig.ll

0.025

0.05

0.075

Time

(S)

0.1

Transien t Stress Produced in Internal
Suspensi on Spring

0.125

between Theoreti cal and Experimental Results. Figs. 13 ~ 17 show the
comparis on between the theoreti cal and
experime ntal results on the shear stress

~omparison

Relation ship between angular speed

of crank shaft and time during
start operatio n.
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produced in the internal suspension spring
over a wide range of test condition s.
In
these figures, the variations of the shear
stresses are indicated on the base that
shear stresses before motor start or shut
off are zero. From these results, it is
cl~ar that the theoretic al results are comparatively in good agreement with the
experimen tal results. This means that the
calculatio n is successfu l to simulate the
generation mechanism of the shear stress
produced in the internal suspension spring.
The theoretic al result also shows that the
effect of the damping on the shear stress
is comparati vely small. This leads to the
conclusion that the damping coefficie nt in
Eqs. (14) and (15) can be neglected in the
practical spring design.

shear stress is caused in the internal suspendion spring as shown in Fig. 14.
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Transient Stress during Start Operation .
When the compresso r is started up under a
suction pressure of 7.0 x 105 Pa, a discharge pressure of 19.0 x loS Pa, a voltage
of 200 V, and a frequency of 60 Hz, the
shear stress produced in the suspension
spring is in the pulsating fluctuatio n
within the period of 0.12 s as shown in
Fig. 13. When the motor is started up,
both the torques caused by the motor start
and the compressio n action of the refrigerant act to the compresso r body in a step
manner. This phenomeno n induces the pulsating fluctuatio n shown in Fig. 13 in the
stress variation s during this period. When
the rotating speed of the crank shaft
reaches the normal rotating speed, they
become in the equilibriu m condition , accompanying no torque apparently acting to the
compresso r body. This phenomenon produces
the completely reversed fluctuatio n of the
shear stress because of the free vibration
of the compresso r body. On the other hand,
if there is no pressure difference between
the suction and discharge pressures , the
time to get the normal rotating speed of
the crank shaft is shortened to about O.OB
s. During this ~eriod, a large transient

-loo~---.L.>::..---=--..1..._---.....L._~--_J

P1 =9.2xiO'Po, Pz =9.2xl0 5 Po

V = ZOOV, f =60Hz
Fig.l4

Shear stress of internal suspension
spring during start operation .

When the compresso r is started up under the
power source with a voltage of 200 V and a
frequency of 50 Hz, the starting torque of
the motor is about 1.6 times as large as
that under a power frequency of 60 Hz.
This induces the larger stress than that in
the internal suspension spring under a
power frequency of 50 Hz.
Transient Stress during Stop Operation .
Comparing Figs. 15 ~ 17 with Fig. 12, it is
clear that the stress fluctuatio n caused in
the internal suspension spring during stop
operation correctly correspond s to the time
to get the rotating speed of zero. Namely,
if the power source is turned off under a
normal rotating speed of 3600 rpm, a suction
pressure of 5.0 x 105 Pa, and a discharge
pressure of 20.0xl05 Pa, the torque shown
in Fig. 10 acts to the compresso r bodywithin the period of 0.16 s until the compressor comes to standstil l. This torque
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Shear stress of internal suspension
spring during start operation .

Fig.l5
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Shear stress of internal suspension
spring during stop operation .

Comparing Figs. 15 ~ 17 with Fig. 10, it is
clear that the stress amplitude of the
internal suspension spring is effectively
ruled with the average level of torque
obtained from these fluctuation torques
rather than the maximum value of the torque
In other word, if the suction
fluctuation.
and discharge pressures are high, the shear
stress of the internal suspension spring is
also large. Meanwhile, if the suction
pressure is low, it is not necess-arily
large even though the discharge pressure is
high. The maximum stress value of the
internal suspension spring amounts to about
1.90 ~ 1.95 times as large as that obtained
under the assumption that the average value
of the fluctuating torque acts to the
compressor body in a step manner.

induces the transient vibration in the compressor body and the shear stress of the
internal suspension spring with the pulsating fluctuation. After the rotating speed
of the crank shaft becomes zero, the vibration of the compressor body turns to the
free vibration because of no external exciting torque acting to the compressor body.
At the same time, the shear stress of the
internal suspension spring also turns to
the completely reversed fluctuation.
In the case when both the suction and discharge pressures are high, the rotating
speed of the crank shaft becomes zero
immediately after the second peak appears
Thereafter, the
in the stress fluctuation.
compressor body turns to the free vibration
with the large amplitude. This phenomenon
is accompanied by the large stress variation, as indicated in Fig. 16. Meanwhile,
if the suction pressure is low and the discharge pressure is high, the time to get
standstill in the crank shaft rotation
In this case,
increases to about 0,19 s.
three peaks appear in the stress fluctuation during this period.

CONCLUSIONS
An approximate analysis was conducted on
the transient stress produced in the internal suspension spring of the multi-cylind er
hermetic refrigeratin g compressor during
start and stop operations. At the same
time, experiments were carried out on the
hermetic refrigeratio n compressor with five
cylinders, and the transient stresses of
the internal suspension springs were measured over a wide range of start and stop
conditions. Comparing the theoretical
results with the experimenta l results, the
stress generation mechanism was discussed.
The results obtained are as follows:
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(l)

When the compressor is started up, the
difference between the starting torque
of th~ motor and the torque by the
compresion action of the refrigerant
acts to the compressor body in a step
manner. When the power source is
turned off, only the torque by the
latter acts to the compressor body in
a step manner. These abrupt torque
variations induce the transient vibration to the compressor body, accompanying the transient stress in the
internal suspension spring.

(2)

The transient stress produced in the
internal suspension spring has the
close corelation with the time to get
the normal rotating speed or standstill of the crank shaft. During
these periods, the stresses of the
internal suspension spring are in the
pulsating fluctuation. After the
rotating speed of the crank shaft
reaches the normal rotating speed or
zero, the transient vibration of compressor body turns to the free vibration, accompanying the stress variations of the internal suspension
spring with the completely reversed
fluctuation.

(3)

The stress produced in the internal
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Fig.l6

Shear stress of internal suspension
spring during stop operation.
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Shear stress of internal suspension
spring during stop operation.

88

suspension spring is almost ruled with
the average value of the fluctuating
torque rather than the maximum value
of the torque which acts to the compressor body. This transient stress
amounts to 1.90 ~ 1.95 times as large
as the static stress obtained under
the assumption that the average torque
acts to the compressor body in a step
manner.
(4)

the spring design, further investigations
are needed to conduct for a small hermetic
compressor with multi freedom for the
vibration of the compressor body.
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